The Frozen sorbet (FS) -ions. The present study proposes that the Frozen sorbet method can be a useful technique for the design of new SrAl 2 O 4 -based phosphor composites which can be used under white light emitting diode (LED) excitation (³460 nm).
Introduction
Eu 2+ ,Dy 3+ co-doped SrAl 2 O 4 crystals show unique luminescent properties as phosphors, such as long persistence 1) 3) and mechanoluminescence, 4) , 5) and indeed, these phosphors have been used practically as luminous paint in various places.
Recently, the use of light emitting diode (LED) as a lighting source is increasing rapidly in various devices, because the LED devices show high luminous efficiency, energy saving, long lifetime, and good features for environmental protection. Above all, the general white LED consisting of a blue-LED chip and Ce 3+ doped Y 3 A l5 O 12 (YAG) phosphor are now widely used as a solid state lighting device in place of other illumination devices such as the florescent lamp. 6) 9) The spectrum of the white LED has been designed for the sensitivity of human eyes and does not include ultra-violet and infrared light components which cause origins of main energy loss. It is known that most white LEDs give a strong emission peak at the wavelength () of around = 460 nm from chips. It is, therefore, required that new phosphors must efficiently be excited by irradiations of light with ³ 460 nm. However, the most effective excitation wavelength in SrAl 2 O 4 phosphors reported so far locates at around ³ 360 nm. 3) This mismatch between ³ 460 nm in LEDs and ³ 360 nm in SrAl 2 O 4 phosphors causes the deterioration of long persistence performances of SrAl 2 O 4 phosphors under white LED illumination, while they show good performance under the illumination of conventional fluorescent tubes based on Hgexcitation. Therefore, it is desired to develop new phosphors showing excellent long persistent phosphorescence properties under excitation by white LED lighting.
Glass ceramic processing is known as an excellent technique for the fabrication of functional materials with desired morphologies, and thus it is of interest to apply the glass crystallization method for the fabrication of the SrAl 2 O 4 phosphors. However, it is known that the precipitation of the single phase of the SrAl 2 O 4 through crystallization in glass is extremely difficult. Recently, fabrications and PL properties of glass ceramics with SrAl 2 O 4 have been reported, 10) , 11) however, the crystal precipitation is only on the glass surface and information on their long persistent PL properties is limited.
Nakanishi et al. 12) , 13) proposed a new method called "Frozen sorbet (FS) method" for the fabrication of composite materials (i.e., glass ceramics) with a glassy phase and the desired crystals. In the FS method, for instance, glass ceramics containing ¢-Ca 2 SiO 4 (Larnite) crystals, which is one of the high temperature phases of Ca 2 SiO 4 polymorphs (i.e., £-, ¢-, ¡-, ¡ low -, ¡ high -), 14) , 15) are prepared by quenching the melt with the composition of 60CaO40SiO 2 from 1550°C to room temperature.
12) The composition of 60CaO40SiO 2 locates at the outside of the glass-forming region and a homogeneous melt is obtained at temperatures only above 1630°C. Therefore, the melt at 1550°C consists of the liquid phase and crystalline phase and this kind of liquidsolid mixture is quenched to room temperature leading to formation of a composite consisting of the target crystal. Furthermore, the state of the melt consisting of liquid and crystalline phases in a given composition is often determined in accordance with the equilibrium phase diagram, therefore, composite materials could be designed or controlled more easily compared with a usual glass crystallization method. The advantages are mainly; (a) Glass-formability variation to quench the phase-separated melt under high temperature (Fraction follows the lever rule of phase equilibrium) (b) Possibility to obtain novel glass ceramics with hightemperature crystal phase. For instance, more recently, Ueda et al. 16) were used as starting materials and were mixed in an alumina mortar. The mixed powders were pre-fired at 1300°C for 1 h under a gas flow of 5% H 2 + 95% N 2 at 4.0 L/min using an alumina crucible. The surrounding of the alumina crucible was filled with graphite powders and shielded by a larger alumina crucible to reduce Eu 3+ into Eu 2+ . For the melting of samples, temperature was increased from 1300 to 1500°C for 30 min and kept for 1 h. The melt-quenched samples were obtained by pouring the melt onto a stainless-steel plate. In addition, polycrystalline samples of SrAl 2 O 4 :Eu 2+ ,Dy 3+ (1 mol % for Sr-site) were prepared using a powder sintering method, in which the temperature and time of solid-state reaction were 1400°C and 6 h, respectively, and the reducing atmosphere was 5% H 2 + 95% N 2 .
The single crystal which was used as a standard was fabricated by IR image furnace (Cannon machinery Co.). The fabricating speed was 2 mm/h with flowing 5% H 2 + 95% N 2 gas for 4.0 L/min into a quartz chamber.
The crystalline phase in the melt-quenched samples, which is formed during melt-quenching processing, was identified by X-ray diffraction analyses at room temperature using Cu K¡ radiation. The diffraction angle (2ª) was scanned from 15 to 60°in 0.02 increments with the scan speed of 1.0°/min. PL and PLE spectra were measured with a spectrofluorophotometer (Shimadzu Co., RF-5000). The afterglow spectra were also measured by means of the same equipment with a time monitoring program. The original surfaces of melt-quenched samples were observed with a field-emission SEM (JEOL Co., JSM-5400), in which the acceleration voltage was 15 kV and the current was 0.8¯A. Elemental microanalysis in micro area was performed with wavelength dispersive X-ray analysis (Shimazu Co., Shimadzu EPMA-1600). Refraction index for the glasses and the single crystal at 632.8 nm (He-Ne laser) were measured with a prism coupler (Metricon Co., Model 2010). The mapping image of PL intensity at 520 nm for Eu 2+ was observed with a laser microscope (Tokyo Instruments Co., Nanofinder) operated at Ar + (488 nm, 10 mW) laser. The morphologies and structures of the prepared samples were further examined by TEM (JOEL JEM-2100F). Images at low magnification were obtained at an accelerating voltage of 200 keV. The glass ceramics were made of a powder with a chemical etching, dilute-solution (1% HNO 3 , 30 s), to remove the glass phase. Table 1 and the glass-forming region 17) on compositional diagram are shown in Fig. 1A ). The optical photographs for the samples obtained (thickness = 0.70 mm) are also shown. It is seen that all samples kept excellent optical transparency, and the transmittances at 700 nm were measured around 85% for No. 1No. 4, and 65% for No. 5. The glass colors continuously changed due to the compositional variations.
In order to clarify the crystallization process in the meltquenched samples, i.e., in the FS method, XRD analyses were performed for the original (not any polish or not any etching) bulk samples and surface-polished bulk samples. The surface polish was carried out with CeO 2 powders. The XRD patterns for such bulk samples (No. 1No. 5) are shown in Fig. 1B Fig. 2 . The micro-size scaled particles are observed for No. 5 sample, however, the shape of the crystals for A) surface and B) inside were clearly different. The average particle size was estimated to be 2040¯m for No. 5 inside and the surface orientation is supported by XRD results shown in Fig. 1B) . For D), rod-type crystals were observed on the glass surface in No. 4 sample in the same way as on the No. 5 surface. Judging from the states of surface, we think that the crystals were grown up from the sample surfaces during the quenching process. , although the polycrystalline sample shows a maximum intensity at 515 nm in the PL spectrum under the excitation of 360 nm. As can be seen in Fig. 3A Fig. 3B ). It is seen that the PL intensity is not homogeneous, but #1 particle parts exhibit clear PL intensities and some #2 glassy parts give weak PL intensities. Mapping image of PL intensity at 520 nm for No. 5-2 sample. The excitation lights is = 488 nm. PLspectra at room temperature for particle parts and glassy parts are shown down side. The PL-spectra by excitation at 488 nm were also shown in (B).
Luminescent properties of
The PL spectra at the excitation of 488 nm for these parts #1 and #2 are shown in down side. It is seen that the particle shows a strong PL peak at around 525 nm assigned to the transition 4f Figure 4A ) shows afterglow decay curves (i.e., long persistent property) at room temperature for SrAl 2 O 4 glass ceramics (No. 5-1) and current commercialized long persistent phosphor (LumiNova/G300M, Nemoto & Co., Ltd.). 18) In this experiment, the intensity of PL at 520 nm after light irradiations (excitation at 360 or 460 nm for 10 min) was monitored as function of time. It was seen that the decay time in SrAl 2 O 4 glass ceramics (No. 5-1) is similar to that of the commercial product. These results suggest that from the viewpoint of long persistent performance, the SrAl 2 O 4 glass ceramics prepared using the FS method have some advantages, such as transparency, chemical durability and formability, based on glass-ceramic properties compared with polycrystalline SrAl 2 O 4 :Eu 2+ ,Dy 3+ , which are already in use. In addition, the inorganic plate-type glass ceramics can be applied to new applications such as stressstrain sensors 5) or phosphors under extreme environments.
Afterglow characteristics of No. 5-1 (cf. No. 4 polished glass samples) were shown in Fig. 4B ). (a) Picture represents the light emission observed under UV lamp excitation. After stopping UV irradiation, the afterglows of No. 5-1 were recorded at (b) 0 s and, as the following; (c) 10 s, 1 min, 3 min, 5 min, 7 min and 9 min. In fact, the green emission peaked at 520 nm can be recognized after a few hours latter by our eyes as same as the commercial use, and more importantly, the transparency as the glass composite is attractive for the many applications.
Fabrication principe of Frozen sorbet method
In the fabrication of composite materials consisting of glassy phase and crystals using the FS method, the glass-forming region and the phase diagram for a given system are very important.
12),13) The glass-forming region for the SrOAl 2 O 3 B 2 O 3 system, which was taken from the international glass database (INTERGLAD Ver. 7, produced by New Glass Forum, Japan), 17) is shown in Fig. 1A) . The compositions examined in the present study are also marked in the diagram. It is clear that the compositions of No. 1, No. 2, and No. 3 are located within the glass-forming region. Indeed, the melt-quenched samples for these compositions were found to be glass as shown in Fig. 1A) . On the other hand, the composition of No. 5 is located at the outside of the glass-forming region. In fact, composite materials consisting of glassy phase and SrAl 2 The schematic model for the melt-quenching process for the samples (No. 1No. 5) examined in this study is shown in Fig. 5A) In the case of sample No. 5, it is expected that the FS method is working well, because the chemical composition of No. 5 locates at the outside of the glass-forming region and the melting temperature of 1500°C is not enough for the formation of homogeneous melt. That is, the melt of No. 5 at 1500°C would be a mixed state (or partial melting state) of glassy and crystalline (SrAl 2 O 4 ) phases. As supporting data, Fig. 5B ) shows the compositional mapping images for the main component atoms: Sr, Al, O, Eu, by electron probe microanalyzer (EPMA) with wavelength dispersive X-ray (WDX) analysis. The Sr ions showed homogeneous distribution despite the SrAl 2 O 4 crystal precipitations. On the other hand, the Al ions were concentrated into the crystal sites, and the Eu ions tended to be removed from the crystal sites into the glass phase. Generality, B ions can not be detected quantitatively for EPMA, however, we could predict concentrated boron in the glass phase on the basis of the other ions distributions such as the Al. It is obvious that the component of B 2 O 3 enhances the formation of the glassy phase. The present results indicate that SrAl 2 O 4 crystals are frozen in the glassy phase during the quenching of melts.
In the No. 5 sample, no large cracks were observed which could produce light scattering. In addition, the transparency of No. 5 sample (65% at 700 nm for t = 0.70 mm) could be attributed to the homogeneous Sr-distribution. The refraction index difference between crystal and glass phases was mainly observed depending on the concentration difference of the heaviest ions (e.g. Sr-ions) of the components. The negative index of the polished No. 4 glass sample, which has similar Sramounts with No. 5, was measured at 1.73, and SrAl 2 O 4 (single crystal) was 1.75 by the laser prism-coupling method. Thus, it can be thought that the No. 5 sample could keep transparency in spite of the large crystal precipitations with several decade micro orders.
Effect of B 2 O 3 addition on PL properties
In the present study, B 2 Fig. 6A ). The data for the glass ceramics of No. 5 are also included in Fig. 1B) . It should be pointed out that B 2 O 3 is generally added as a reactive flux to reduce processing temperature and time in a solid state reaction. 20) It is seen that XRD peaks of the sample of (b) Eu 2 O 3 -doped SrAl 2 O 4 crystals shows the shift toward lower diffraction angles corresponding to the ( 211), (220), and (211) planes compared with the sample of (a) non-doped As can be seen in Fig. 6A ), the XRD peaks of Eu 2+ doped SrAl 2 O 4 glass ceramics prepared in the FS method show the shift toward higher diffraction angles. In the glass ceramics, the amount of 18 mol % B 2 O 3 is added. Considering the ionic radius of B 3+ (0.11 ¡) and Al 3+ (0.39 ¡) ions for tetrahedral coordination, the results shown in Fig. 6A ) strongly suggest that the (AlO 4 )
¹ units in the SrAl 2 O 4 structure are partially substituted by (BO 4 ) ¹ units. 19) In particular, the solid solubility limit has been reported by Y. Yu et al. 21) They showed the accurate analysis for the main peak shifts for the general solid state reaction and the amount of the solid solubility limit of around 3 wt % of boron. They concluded that additional boron caused the formation of the impurity phases such as the SrB 2 O 4 and SrAl 4 O 7 . On the other hand, for our glass ceramics, there is a possibility that the solid solubility limit is exceeded judging from the main peak shifts of XRD with the single phase due to the quenching of the hightemperature states. In fact, it is hard to estimate the accurate peak shifts for the glass ceramics, since the peaks were buried by the glassy-hollow pattern. In the FS states, however, it would appear that the boron was put into the crystal phase more than the solid solubility limit of the crystals by the solid-state reaction, and the impurity phases reported in Ref. 21 were melted under fabrication temperature at 1500°C for the FZ method.
PL ( ex = 360 nm) and PLE ( em = 520 nm) spectra at room temperature of Eu 2+ for the samples reported in Fig. 6A ) are shown in Fig. 6B ). The wavelength (around 460 nm) corresponding to the blue LED is also marked in the figure. It is noted that the glass ceramics (d) prepared using the FS method and B 2 O 3 -doped poly-crystal (c) prepared using a conventional solid state reaction show the increase in the absorption intensity at ³ 460 nm in the PLE spectra compared with SrAl 2 O 4 containing only Eu 2+ ions. Figure 7 shows transmission electron microscopy (TEM) images of (A), (B) for No. 5-1 and (C) for SrAl 2 O 4 crystals. (A)-image focuses on the inner precipitated crystals with several decade micro meters shown in Fig. 2A ). For each image, the electron diffraction patterns are also shown, and the crystal direction was identified for each particle. The boundary between crystal particle and glass was also shown in (B)-image. Judging from the image of (A), the some stacking-faults were induced from the crystal surface into the crystals. However, we could not observe the any stacking-faults for the surface of the crystal which was prepared by the conventional solid-state reaction, as shown in the image of (C). Generally, for luminescent materials with high efficacy, the existences of defects tend to be prevented, because they work as luminescent quenching centers. However, in the case of the luminescent persistence phosphors, the suitable conditions were basically different. In many pioneer works 23), 24) which discuss luminescent-persistent models and the effects, the results concluded that the properties (i.e. phosphorescent intensity and persistent time) were improved by introduction of some defects (e.g. structural vacancy or charge competition. etc.). In particular, boron and dysprosium was the most effective dopant pair for SrAl 2 O 4 . In our case, it would appear that boron ions, which worked as a glass-network former, also contributed to the improvement of the luminescent persistence property.
From the results shown, it is concluded that the addition of B 2 O 3 has the following effect on the formation of SrAl 2 (B) (A) At this moment, the mechanism (origin) of B 2 
